Abstract-This paper uses a new tissue model, which incorporates random fluctuations of the tissue signal within the received ultrasound radio frequency (RF) echo signal, to propose an ultrasound image deconvolution algorithm for improving the quality of ultrasound images. Using this model, we propose a modified version of the classical regularization method which combines optimal Wiener filter and constrained least squares (LS) filtering algorithm for estimation of the tissue signal. The performance of the algorithm is evaluated by simulation. The deconvolved images can show significant improvement in both the speckle reduction and the contrast ratio.
I. INTRODUCTION
HE ultrasound image formation process in the RF domain is interpreted as a spatio-temporal convolution between the ultrasound pulse-echo wavelet or point-spread function (PSF) and the tissue response [1] - [3] . This process requires estimation of the PSF to restore the tissue response using a deconvolution process. Existing algorithms emphasized in obtaining an accurately estimated PSF. They are not tailored for noise suppression.
In this paper, we consider a new tissue model for the deconvolution. The inclusion of the model into the received pulse-echo pressure field reveals that there are two different natures of noise sources exist in the received ultrasonic RF echo. One is inherent in the tissue response and the other is the measurement noise. A desirable ultrasound image can be obtained only when effects of both kinds of noise are suppressed. Our proposed deconvolution algorithm is based on this new model. It combines the optimal Wiener filter to reduce the measurement noise and the constrained LS filter to suppress the fluctuations in the tissue signal.
The paper is organized as follows. Section II describes the association of the proposed tissue model with the convolution model of the RF echo. Section III presents a two dimensional (2-D) blind deconvolution algorithm. In Section IV, evaluation results of the proposed algorithm are presented.
II. PROBLEM FORMULATION
In ultrasound image formation, the ultrasound images are blurred in both the axial and lateral directions due to the finite resolution of the imaging system. Under the assumptions of linear propagation and weak scattering, an expression for the received pulse-echo pressure field was derived using the first-order Born approximation presented in a convolution model in the following form [4] 
III. TWO-DIMENSIONAL DECONVOLUTION
The ultrasound image formation process in the RF domain described by the convolution model (1) and (2) is known as blind deconvolution. The proposed procedure of this paper for dealing with the blind deconvolution problem is described as follows. First, the 2-D PSF is estimated from the measurements by applying a frequency invariant linear filter in the complex cepstrum domain. Next, the estimated 2-D PSF is applied to recover ) , ( n m f using the new model for the RF echo. While there were known results on the estimation of the 2-D PSF and noisy tissue in the literature [2] , [3] , our approach of dealing with the tissue response model and tissue noise suppression is novel and has not been studied before. The details of the proposed algorithm are elaborated in the following. Y w w , respectively. For the complex cepstrum to exist, both the magnitude and phase must be continuous functions in the 2-D space. This is accomplished by using weighted LS phase unwrapping algorithm with a postprocessing operation to produce an unwrapped surface that is congruent to the wrapped phase [7] .
A. Estimation of Two-Dimensional PSF using Complex
For simplicity, we omit the noise 
This additive property makes the estimation of ) , ( n m v feasible by simple linear filtering. To separate signals which are combined by convolution with a frequency-invariant linear filter in the complex cepstrum is feasible in this case, since both signals occupy different band in the cepstrum domain [3] , [6] . To avoid the Gibbs ringing phenomenon, a 2-D Butterworth lowpass filter [3] , [8] is used. Since the phase information is retained, the complex cepstrum is invertible. In the following context, we will use the notation ( , ) v m n to represent the estimated ) , ( n m v normalized to unit energy.
B. Optimal and Constrained Least Squares Filtering
Our proposed algorithm arises from the new model as shown in Fig. 1 which is derived as follows. Let ( , ) z m n denote all undesirable signals, ( , ) d m n and ( , ) w m n , written as:
.
z m n y m n v m n f m n v m n d m n w m n
Equation (8) 
IV. COMPUTER SIMULATIONS AND DISCUSSIONS
Computer simulation was carried out to study the performance of the proposed algorithm under a severe scattering condition and zero mean white Gaussian noise was added to give root-mean-square signal-to-noise ratio of 20 to simulate the inevitable noise.
The sampled RF data of the receiving ultrasound echo signal has a dimension of 218 x 300. Each 2-D PSF estimate was based on sampled RF data from a sliding window block of 16 x 32. Deconvolution was performed with the estimated 2-D PSF scanning from left-top to right-bottom across the whole RF data. In the paper, all convolutions are considered to be circular to simplify border issues.
The estimation of the 2-D PSF was performed in the complex cepstrum domain using a 2-D Butterworth lowpass filter with an order of 5 and cutoff frequency of 0.3 from the origin for both the axial and lateral frequency axes.
Two homogeneous regions of interests (ROI) with size of 64 by 64 are identified on the simulated ultrasound image. ROI 1 is located at the central of the cylindrical disc whereas ROI 2 is situated in the scattering background region. We studied the performance metric used by many authors. We observed that speckle signal-to-noise ratio (SNR) and contrast ratio (CR) best described the visual evaluation by human observers. In addition, the reduction in speckle size improves the discrimination of fine details in the ultrasound image during diagnostic examination. While there is no metric best quantify this improvement, visual inspection is adopted. In our simulations, the proposed algorithm did not give improvement in terms of speckle SNR. This was also observed in [3] . Therefore, we present our evaluation results based only on CR.
Five modeled ultrasound images were used in the evaluations. The measured CR of the original envelopes was -6.4635 +/-0.3776 dB, which is defined as the mean value of ROI 1 against that of ROI 2. A set of values of vary from 0.01 to 80 was selected for the deconvolution and the optimal results were compiled in Table 1 . We studied the proposed algorithm by examine the deconvolved images under both cases when the true PSF is known and when it was estimated using the complex cepstrum method. The former serves as an oracle reveals its performance upper bound. As shown, the performance will improve along with more accurately estimated PSF. The results clearly indicate an improvement in CR. The logarithmic compression of the original and the deconvolved ultrasound envelopes are presented in Fig. 2 . The original ultrasound envelope in Fig. 2(a) shows a cylindrical disc embedded in the image and the whole image is masked by speckle. Fig. 2(b) is the corresponding ultrasound envelope after deconvolution. The figure can show that the size of the speckle is reduced and the visibility of the embedded cylindrical object has improved in the deconvolved ultrasound image. 
V. CONCLUSION
In this paper, we used a new tissue model for ultrasound image formation. Our signal model points out the fact that even if there is no contribution by the external noise, there are still random fluctuations of the tissue signal within the received ultrasound RF echo frequency spectrum. The removal of this noise has not been investigated by existing ultrasound image deconvolution algorithms. In this paper, we addressed this issue and proposed an algorithm to alleviate both the tissue noise and that due to external inferences. Our proposed algorithm combines optimal Wiener filter and constrained LS filtering algorithms for the estimation of the tissue signal. The results showed that our proposed algorithm has achieved an improvement in the speckle reduction and the contrast ratio. The embedded objects can now more easily detect with the proposed deconvolution algorithm.
